Postmarketing surveillance is useful to collect safety data in real-world clinical settings. In this study, we applied postmarketing real-world data on a mechanistic model analysis for neutropenic profiles of eribulin in patients with recurrent or metastatic breast cancer. Demographic and safety data were collected using an active surveillance method from eribulin-treated recurrent or metastatic breast cancer patients. Changes in neutrophil counts over time were analyzed using a mechanistic pharmacodynamic model. Pathophysiological factors that might affect the severity of neutropenia were investigated, and neutropenic patterns were simulated for different treatment schedules. Clinical and laboratory data were collected from 401 patients (5199 neutrophil count measurements) who had not received granulocyte colony-stimulating factor and were eligible for pharmacodynamic analysis. The estimated mean parameters were as follows: mean transit time = 104.5 h, neutrophil proliferation rate constant = 0.0377 h −1 , neutrophil elimination rate constant = 0.0295 h −1 , and linear coefficient of drug effect = 0.0413 mL/ng. Low serum albumin levels and low baseline neutrophil counts were associated with severe neutropenia. The probability of grade ≥3 neutropenia was predicted to be 69%, 27%, and 27% for patients on standard, biweekly, and triweekly treatment scenarios, respectively, based on virtual simulations using the developed pharmacodynamic model. In conclusion, this is the first application of postmarketing surveillance data to a model-based safety analysis. This analysis of safety data reflecting authentic clinical settings will provide useful information on the safe use and potential risk factors of eribulin.
treatment regimens, and there are few subsequent therapeutic options for patients with refractory disease.
2 Over the past several years, eribulin mesilate, a microtubule inhibitor, has shown reasonable efficacy with acceptable toxicity in patients with RBC/MBC.
3-5
The phase III EMBRACE trial of eribulin mesilate for women with pretreated metastatic breast cancer showed promising results, showing a significant improvement in median overall survival of 2.5 months compared with the treatment of physician's choice. 3 Eribulin mesilate was approved for the treatment of RBC/MBC in Japan in April 2011 based on a phase II domestic trial of 81 patients and premarketing clinical studies of only a small number of Japanese patients. 6 Grade ≥3 neutropenia occurring during eribulin treatment appears to be more frequent in studies of East Asian populations (85%-95%) than of global populations (20%-65%). 7, 8 Therefore, it is important that more information is obtained on the safety and toxicity of eribulin treatment, especially in Japanese patients.
Japanese regulations require postmarketing surveillance studies of new chemical entities and biological products to confirm their safety. A considerable amount of data has been reported by physicians who prescribe eribulin mesilate; however, the data generally only document and confirm the frequency of toxicities. 9 Here, we used observational safety data to carry out a model-based pharmacodynamic analysis of the safety profile of eribulin in the clinical setting of patients with RBC/MBC. The major reported adverse events and dose-limiting toxicities associated with eribulin treatment include neuropathy and neutropenia. 10 As severe neutropenia often requires changes in treatment schedules in the clinical setting, we focused on analysis of neutropenia as the most common toxicity related to eribulin treatment. approved the retrospective pharmacodynamic analysis using anonymous data collected by the postmarketing surveillance of eribulin.
| MATERIALS AND METHODS

| Patients
Between
| Postmarketing surveillance data
Postmarketing surveillance data for eribulin treatment included gen- The given dose of eribulin was converted to the free base equivalent, which was used in the calculations. An eribulin mesilate i.v. 
Computation was carried out using Phoenix NLME software version 7.0 (Certara, Princeton, NJ, USA) with a first-order method on a HP Z640 workstation (Intel Xeon E5 processor, 2.60 GHz, 28 cores).
| Determination of clinical factors that affect safety
We undertook the multivariate analysis using a stepwise method to F I G U R E 1 A, Mechanistic pharmacokinetic/pharmacodynamic model to describe neutrophil count profiles. BNEU, absolute neutrophil count at baseline; CL, clearance; Gamma, feedback constant; Kout, neutrophil elimination rate constant; Kprol, neutrophil proliferation rate constant; Ktr, neutrophil transition rate constant; MTT, mean transit time; Q, intercompartmental clearance; V, volume of compartment 3 | RESULTS
| Study population and patient characteristics
Patients with RBC/MBC who were receiving eribulin treatment for the first time and had not received granulocyte colony-stimulating factor (G-CSF) were enrolled in this study. A flowchart showing selection of the final study population is presented in Figure 2 . Of the 608 patients whose data were collected, a total of 207 were excluded for the following reasons: 182 patients lacked data for ALB, and/or ALP, and/or BILI; and 25 patients lacked data for BNEU.
Finally, 401 patients with a total of 5199 neutrophil count measurements were eligible for the PD analysis.
Characteristics of the study population are shown in Table 1 .
The median age was 58 years (range, 26-84 years), and the median number of previous chemotherapy regimens, including taxanes, was 4 (range, 0-13). The planned eribulin treatment regimen was i.v.
administration of 1.4 mg/m 2 on days 1 and 8 every 3 weeks.
Depending on the individual patient's condition (eg, disorder of liver function such as elevated aspartate aminotransferase or alanine
Overview of the study population of eribulin-treated recurrent or metastatic breast cancer patients. Of the 608 starting patient population who had not been treated with granulocyte colony-stimulating factor, a total of 401 patients were eligible for pharmacodynamic analysis. ALB, serum albumin level; ALP, alkaline phosphatase level; BILI, total bilirubin level; BNEU, absolute neutrophil count at baseline | 2825 aminotransferase), the eribulin dose was reduced to 0.7 mg/m 2 , the treatment schedule was modified, doses were skipped, or treatment was discontinued based on the physicians' decision.
| Pharmacokinetic/pharmacodynamic model and clinical factors affecting toxicity
We developed a population PK/PD model describing eribulin-induced neutropenia using the postmarketing surveillance data collected from 401 patients. The following parameters were estimated: MTT (h),
), Gamma, and Slope (mL/ng). Clinical factors that could influence the severity of neutropenia were searched using a shotgun algorithm. We found that age (<65 or ≥65 years), ECOG PS (<2 or ≥2), and the number of previous chemotherapy regimens (<5 or ≥5) were not related to neutropenia. However, BNEU and ALB were suggested to influence neutropenic toxicity, in that lower BNEU was associated with higher Kprol and lower ALB was associated with higher Kprol, lower MTT, and lower Kout. In contrast, 
| Model-based simulation according to the treatment scenario
We next investigated the absolute neutrophil counts during the 21 days of cycle 1 of eribulin treatment (Figure 3 ). Neutropenic toxicity was influenced by both ALB levels ( Figure 3A ) and BNEU (Figure 3B) , although the impact varied with the treatment schedule. In patients with low albumin levels, the toxicity, in terms of nadir counts and delayed recovery, was most severe in group 1 (standard treatment scenario, n = 275) compared with group 2 (biweekly scenario, n = 64) and group 3 (triweekly scenario, n = 50). Twelve patients with other treatment scenarios were excluded from this analysis.
| Risk prediction based on the PD simulation
Based on the simulated absolute neutrophil counts in cycle 1 obtained with the PK/PD model, we ran simulated analyses of 401 patients in the standard, biweekly, and triweekly treatment scenarios to predict the severity of neutropenia. From this, the probability of grade ≥3 and ≥4 neutropenia was estimated to be 69% and 23% on the standard scenario, 27% and 3% on the biweekly scenario, and 27% and 3% on the triweekly scenario, respectively (Figure 4 ). 
T A B L E 2 Final parameter estimates and bootstrap validation of the population pharmacodynamic model for eribulin
If baseline neutrophil counts <3000, then BNEU3 = 1; if ≥3000, then BNEU3 = 0.
This is the first large-scale PD study of eribulin therapy in RBC/MBC patients using postmarketing surveillance safety data. Population PK/ PD analyses of eribulin-associated neutropenia published to date have been based on data obtained in premarketing clinical trials that had strict eligibility criteria and treatment schedules. 13 However, our study here shows that postmarketing surveillance data can also be used for a model-based safety analysis. The use of postmarketing data to investigate drug safety profiles is advantageous because it is derived from patients with broader backgrounds in more realistic clinical settings. Furthermore, the variability in treatment schedules based on each patient's physical condition provides additional information about treatment schedules that differ from the standard regimen.
Data on plasma concentrations of drug were not available in this postmarketing surveillance; therefore, plasma eribulin concentrations were simulated using the population PK model reported by Majid et al. In their analysis, efficacy and safety data from seven phase I studies, one phase II study, and one phase III study were combined to characterize the PK and exposure-efficacy relationship of eribulin.
The results of that study suggested that their PK model was also applicable for analyzing the safety of eribulin treatment, especially dose-limiting toxicities.
In the present study, the PD simulations revealed that low ALB and low BNEU were both associated with severe neutropenia. A PK/ PD model of docetaxel, for which neutropenia is also a dose-limiting toxicity, showed that ALB influenced the CL and EC 50 of docetaxel; indeed, both factors had a strong impact on the development of neutropenia. 14 Although it seems reasonable that a lower BNEU would lead to more severe neutropenia after eribulin treatment, the mechanism by which ALB influences the nadir neutrophil count remains unclear. Malnutrition-related low ALB levels have been suggested to influence drug PD. 15, 16 Binding of eribulin to human plasma proteins ranges from 49% to 65% at concentrations from 100 to 1000 ng/mL. 17 Therefore, it is unlikely that the severity of F I G U R E 3 Effects of serum albumin level and baseline neutrophil counts on neutropenia in eribulin-treated recurrent or metastatic breast cancer patients (n = 401). A, Effect of albumin levels. Black, dashed, and dotted lines indicate normal (3.9 g/dL), low (3.0 g/dL), and severely reduced (1.5 g/dL) serum albumin levels, respectively. Earlier and deeper nadirs were observed in patients with low albumin levels in each group. B, Effect of baseline neutrophil counts. Black and dotted lines indicate normal (3200/μL) and severely reduced (1500/μL) neutrophil counts, respectively. The difference between normal and severely reduced absolute neutrophil counts was greater in group 3 than in groups 1 or 2. For A and B, group 1, standard treatment scenario (n = 275), i.v. infusion on day 1 and day 8 every 21 days; group 2, biweekly scenario (n = 64), i.v. infusion on day 1 and day 15 every 28 days; group 3, triweekly scenario (n = 50), i.v. infusion on day 1 every 21 days neutropenic toxicity is caused by elevation of plasma-free eribulin concentrations resulting from low ALB levels. Further studies will be needed to clarify the mechanism.
Our simulation showed that the beginning, duration, and depth of the nadir in on-treatment neutrophil counts varied with the eribulin treatment schedules. These predictions cannot be led from simple summarization of the observed data because actual intervention can carry a selection bias; only patients with particular characteristics were allocated to the alternative schedule. Modeling and simulation can be a useful tool for investigating and evaluating an optimal treatment strategy in a variety of virtual treatment options.
Physicians were permitted any treatment modification based on the patient's clinical situation, and the surveillance data indicated that treatment schedules were modified to avoid severe toxicity. Of note, the surveillance data revealed that approximately 30% of patients required a reduction in dosing frequency due to neutropenic toxicity during the first cycle of eribulin treatment. Several prospective studies exploring alternative treatment schedules of eribulin have been carried out worldwide. 18, 19 The multicenter phase II study undertaken in Japan (JUST-STUDY) investigated a new dosing regimen aimed at controlling eribulin toxicity, mainly febrile neutropenia.
The study found that biweekly eribulin administration showed comparable efficacy and helped to control eribulin toxicity for women with previously treated MBC who were unable to continue on the standard schedule of eribulin. 18 In the present study, our simulation also suggests that the probability of severe neutropenia (grade ≥3)
would be reduced from 69% on the standard scenario to 27% on the biweekly scenario. Although the triweekly scenario was also shown to be less toxic, its efficacy might be compromised by the lower total dose. Further phase III studies of biweekly eribulin are needed to verify comparable efficacy and improved safety.
This study is the first large-scale PD analysis of eribulin toxicity, although it is limited by its retrospective nature. Various patient factors and comorbidities could influence the eribulin toxicity profiles, because data collected by postmarketing surveillance are more heterogeneous than data from prospectively controlled studies. Therefore, our results are expected to reflect a real-world setting in which followup intervals and dosing schedules are tailored to each patient. However, in the present study, 35% of the total patients were excluded from the original surveillance data to avoid the influence of G-CSF.
This means that the recovery process from neutropenia by treatment with G-CSF was not analyzed in the present study.
In conclusion, neutrophil count data collected by a postmarketing surveillance method were successfully applied to a model-based safety analysis for eribulin in patients with RBC/MBC. Our study showed that ALB levels and BNEU affected the severity of neutropenia. Using our PK/PD model, we simulated the severity of neutropenic toxicity under different treatment scenarios and found that a biweekly scenario could lower the probability of severe neutropenia. This analysis of real-world safety data reflecting authentic clinical settings will provide useful information on the safety and potential risk factors of eribulin.
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